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FOREWORD 


This report is a technical summary of the progress made by the 
Electrical Engineering Department, Auburn University, toward fulfill- 
ment of Contract NAS8-20104 granted to Auburn Research Foundation, 
Auburn, Alabama. This contract was awarded April 6, 1965, by the 
George C. Marshall Space Flight Center, National Aeronautics and 
Space Administration, Huntsville, Alabama. 
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SUMMARY 


The investigation of an Improved Attitude. Control System for an 
orbiting space vehicle is presented in this report. A steering law 
is developed which greatly reduces the cross-axis responses of the 
system. The system stability is shown not to be adversely affected. 
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SYMBOL 


DEFINITION 


J A11’ J A22’ J A33 

J C33 

J MR 


= Polar moment of inertia of the inner __ 
jjimbal exclusive of the wheel about the 1 
'*'2A ^3A vectors > respectively. 

Polar moment of inertia of the outer gimbal 
about the I^q vector. 

= Polar moment of inertia of the torque 
motor rotor about its rotational axis 


K 


SL 


Gain Constant 


Mn 


Reaction moment of the CMG's on the base of 
the vehicle 


% 

s 

S 

IT S J 

6 Kj) 

6 3(j) 

• * 

6 lCj)* 6 3(j) 
“VA(j) 


Gear ratio of the gimbal drives 

Laplace operator 

Sine 

Steering Law 

Inner gimbal angle of the j CMG 

Outer gimbal angle of the CMG 

Time rate of change of angles 6^^, 6^^ 

Inner gimbal rate of the CMG with re- 
spect to vehicle space 



I . INTRODUCTION 


One of the primary objectives of the Apollo Telescope Mount (ATM) 
Mission is to increase the knowledge of the solar environment. The 
ATM is a manned solar observatory from which solar data may be ac- 
quired and solar experiments performed. With the ATM in earth orbit, 
the experimenter is free to perform experiments in an essentially 
atmosphere-free environment. The basic configuration includes an 

Apollo service and command module, an S-IVB workshop, a multiple 

( 1 ) 

docking adapter, and the ATM rack as shown in Figure 1. 

The desired experiment conditions necessitate highly accurate 
pointing requirements. These pointing requirements must be maintained 
by the control system when the system is under the influence of both 
external and internal torques such as gravity gradient and aerodynamic 
torques or astronaut motion. 

For the pointing control subsystem, roll is defined as the angular 
rotation about the line-of-sight from the ATM rack to the center of 
the sun with pitch and yaw being the small deviations of the ATM rack 
with respect to this line of sight. 

The Control Moment Gyro (CMG) control system for the ATM rack was 
chosen principally because of performance benefits with regard to the 
effective compensation of cyclic disturbance torques such as gravity 
gradient and aerodynamic torques and with regard to the dynamic 
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characteristics of the system. A passive control system (gravity 
gradient, for example) would not, in general, have the required 
accuracy and would not develop sufficient torques to meet the dynamic 
performance requirements . Also during periods when the experiment 
optics are exposed, use of the CMG pointing control subsystem pre- 
vents possible optics contamination that could occur from the ex- 
haust of a reaction jet control system. However, the reaction jet 
control system of the Lunar Excursion Module could be utilized for 
a coarse control system and could also be available for use in CMG 
momentum desaturation. 

The CMG is basically a gimbal'ed wheel rotating at a constant 
speed which provides a constant angular momentum and is capable of 
having a variable orientation with respect to the spacecraft. A 
moment is imparted to the vehicle by causing a change in the direction 
of the constant momentum. 

Two of the primary design requirements of the attitude control 
system for the Apollo Telescope Mount are; (1) the minimization of 
the cross-axis response and, (2) the maximization of the direct-axis 


bandwidth . 



II. DERIVATION OF REACTION MOMENT EQUATIONS 


The CMG is a two degree of freedom gyroscopic device as shown 
schematically in Figure 2. It consists of a constant speed wheel 
held in a housing referred to as the inner gimbal. The inner gimbal 
is coupled to the outer gimbal by the pivot designated as (1) . The 
(1) pivot is perpendicular to the momentum vector of the wheel. The 
pivot designated as (3) couples the outer gimbal to the base of the 
CMG. The (3) pivot is perpendicular to the (1) pivot. 

There are 3 spaces which will be used in the derivation of the 
reaction moment equations of the CMG. These are shown in Figure 2 and 
are 

1. Inner gimbal space, A-space, designated by 1^, ^2A* an ^ ^3A* 

2. Outer gimbal space, C-space, designated by I^q, ^2C’ an< ^ ^3C' 

3. Base space of the CMG, B-space, designated by l^g, lyg and 

1 3B* 

The CMG cluster showing the mounting planes and the positive 
directions for the gimbal angles is shown in Figure 3. The reaction 
moment of a cluster of ideal CMG’s can be expressed in inertial space 
as : 


M RV 


dH 

dt 


I I-space 

where an ideal CMG is defined as having instantaneous control loops 
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Figure 2. Schematic of CMG, 
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and no inertia reaction moments. This may be written, in vehicle space, 
as 

d% 

Mr V = - — + o)iv x H 
dt V 

In A~space, the reaction moment may be expressed as; 

3 dH 

^ "if" + "VA * H A(j) + “iv * % 

A 

The inertial velocity, is nominally zero. The wheel speed is a 
constant so that 



Thus, the expression for the reaction moment may be written as; 
_ 3 

^RV = “ . L “VA(j) x H A(j) 

J =1 

The transformation matrix from A to C space is 


H lC(j) 



0 

0 


H lA(j) 


H lA(j) 

H 2C(j) 

= 

0 

C <51(j) 

_S 6l(j) 


H 2A(j) 

= [A] 

H 2A(j) 

_ H 3C(j) 


0 

S 61(j) 

c 6 1 c j : 


H 3A (jj_ 


H 3A ( j ) 


where C's and S's represent cosine and sine terms, respectively. 
The transformation matrix from C to B space is 


H 1B(j) 


C 63(j) 

_S d3(j) 

0 


H 1C ( j ) 


H lC(j) 

H 2B ( j ) 

= 

S d 3 ( j ) 

C «3(j) 

0 


H 2C(j) 

= [B] 

H 2C(j) 

H 3B ( j ) 


0 

0 

1 


H 3C ( j ) 


®3C(j) 
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The transformation from A to B space is then: 


H 1B ( j ) 



H 2B ( j ) 

~ IB] [A] 

H 2A(j) 

_ H 3B(j) 




where 


IB] IA] = 


5 53(j) 

0 


Also , 


H A(j) " X 2A Cj ) H (j)‘ 


S 53(j) C «l(j) 

C 63(j) C 61(j) 


61 (j) 


S 63(j) S 6l(j) 

~ C 63(j) S 61(j) 

C «l(j) 


.th 


With this relationship, the reaction moment applied by the j CMG 
on its base may be expressed as : 


^RlBCj) 


" S 63(j) S 61(j) ° C 61(j) C 63(j) 


«l(j) 

M R2B(j) 

= H(j) 

C 63(j) S 6l(j) 0 C 5l(j) S S3(j) 


0 

M R3B (j ) 


_ "^Kj) ° ° _ 


«3(j) 


From Figure 3, the relationship between the reaction moment in 
base space to vehicle space is as follows : 

#1 CMG 




o~ 

1 

o" 


\lB 

M 

RYV 

= 

1 

0 

0 


^E^B 

_v. 


0 

0 

-1 


nR3B 
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ill CMG 


^RXV 


0 0-1 


M R1B 

M RYV 


0 10 


M R2B 

m rzv 


10 0 



%3B 


#3 CMG 


m rxv 


10 0 


M R1B 

m ryv 

= 

0 0-1 


M R2B 

m rzv 


0 10 


%3B 


From these relationships, the reaction moment of the cluster on the 
vehicle may be determined as : 


m RXV = Mr2b(1) " M R3B(2) + M R1B(3) 

^RYV = M R1B(1) + M R2B(2) " M R3B(3) 

M RZV =_M R3B(1) + M R1B(2) + M R2B(3) 

Expanding and collecting terms, the relationship between the reaction 
moments and the gimbal rates may be written as 


M, 


RXV 


RYV 


Mi 


RZVl 


= U] !«!(!) d 1(2) 5 1(3) 5 3(1) 6 3(2 ) 5 3(3)]' 


where [ denotes the transpose and £A] is given by 


C 63(1) S 61(1) C 61 (2) 


S 63(3) S 6l(3) C dl(l) S S3(l) 


C 6l(3) C d3(3) 


r s 63(l) s 51(l) C 63(2) S 6l(2) C 6l(3) 


C dl(l) C d3(l) G 5l(2) S 53(2) 


J <S1 (1) 


S 53(2) S 61(2) C 63(3) S «1(3) 


C 6i(2) C d3(2) C <5l (3) S<5 3(3) 


0 
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The six CMG gimbal rates are commanded based on information 
obtained from body mounted sensors . This three-dimensional information 
must then be used to provide the gimbal rates which provide the desired 
reaction moment to counteract the disturbance moment. The transforma- 
tion that gives this six-dimensional command vector from the three- 
dimensional sensed information is called the steering law. In equation 
form, this may be written as: 

*1(1)C 
« 

6 1(2)C 
^1 (3)C 
6 3(1)C 
^3 (2)C 
h (3)C 

where lT g j is the steering law. 


IV 


M, 


cxv 




CYV 




CZY 



III. NORMAL MODE OE OPERATION 


Cross-Product Steering Law 

A careful examination of the expression for the reaction moment 
reveals that compensation for a disturbance torque can be accomplished 
by rotating the CMG momentum vector in the direction of the disturbance 
torque. Based on this, a steering law of the following form can be 
postulated: 


“vA(j)C K SL 1 2A(j) X V 


where is t * ie commanded cMg momentum vector rate relative 

to vehicle space 

is a constant 

— +*T\ 

^2A(j) t ^ ie un ^ t vect ° r along the spin vector of the j tn CMG 

is a vector based on sensed information and indicates the 
direction of the disturbance torque. 

Reference J2] derives the expression between the commanded gimbal 

rates and the commanded moment. This relationship is 


K(dc 


■ C 63(1) S <S1(1) 

S 63(1) S 61(1) 

-C 61 (1) 


M CXV 

6 1(2)C 


" C 6l(2) 

" C 63(2) S 61(2) 

S 63(2) S 6l(2) 


h cyv 

®1(3)C 


S S3 (3) S 61(3) 

-C dl(3) 

- c 6 3 (3) S 6i(3) 


M czv 

*3(1)C 


" S d3(l) 

~ C 63 (1) 

0 


S(2)C 


0 

~ S 63 (2) 

-C 63 (2) 


6 3(3)C 


_C S3(3) 

0 

-S S3(3) 
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This steering law is referred to as the Cross-Product Steering Law. 

If used directly for control of the CMG cluster, the Cross-Pro- 
duct Steering Law would be an open-loop scheme, and as such, would be 
unsatisfactory. A CMG cluster control law which provides closed-loop 
control of the cluster is developed in Reference [2], This cluster 
control law is referred to as the H— Vector cluster control law. 

In this scheme, the moment command is integrated and compared with 
the angular ■momentum of the vehicle. The Cross-Product Steering Law 
then determines the six CMG gimbal angle rates required to drive the 
momentum error vector to zero. A single-axis block diagram of a CMG 
with the H-Vector control law is shown in Figure 4. 

Figures 5, 6, 7, and 8 show, respectively, a momentum command 
for the x^axis, the CMG response for the x-axis, the momentum due to 
cross-coupling into the y-axis, and the momentum due to cross-coupling 
into the z~axis . 

CMG Direct-Axis Bandwidth 

The bandwidth of the CMG is an important quantity. In order 
to compensate adequately for disturbance torques, the bandwidth must 
be sufficiently large. Amplitude-frequency characteristics of a CMG 
are shown in Figure 9. The data for this curve was taken with the 
outer gimbal at 0° and the inner gimbal at +45°. The input was a 
sinusoidal signal to the inner gimbal rate loop . Because of the non- 
linearities of the CMG, this does not represent a true frequency 
response. The data represents the ratio of the peak input signal to 
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the peak output signal. As shown in Figure 9, the bandwidth is approxi- 
mately 2.5 Hz. 

Cross-Axis Response 

An ideal steering law would determine the requirements necessary 
in order to exactly compensate for the disturbance torques . For 
example, for a disturbance torque in the x-axis only, in the ideal 
case, no reaction torque would be generated on the y and z axes. How- 
ever, the Cross-Product Steering Law is not ideal and does generate 
reaction torques in other than the direct axis. Figures 10, 11, 12, 
and 13 show the reaction torques in the y and z axes and the x and z 
axes for a disturbance (initial condition in the x and y axes, respec- 
tively) . 
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IV. CLAMPED MODE OE OPERATION 

This section presents a different technique for operation of the 
control system of the ATM. The technique consists essentially of 
rigidly clamping the outer gimbals to the frame and using the inner 
gimbals for dynamic control during certain periods of the flight, 
such as .during the solar experiments. Prior to the the solar experi- 
ments, the outer gimbals are oriented so as to satisfy some specified 
criterion. This criterion will be discussed in a later section. 

One of the significant advantages of the clamped mode of operation 
is that during the experimental periods when the outer gimbals are 
clamped, the inner to outer gimbal cross- coup ling nonlinearities are 
eliminated. In addition, this method of operation results in a 
significant bandwidth increase for the control system. 

EromJ3j, the simplified equations for the dynamics of the inner 
and outer gimbals of a CMG are: 

(sJ 1L + NgG-,^)^ - (H Cos6 1 - G C c(1)^3 

= N g G Ac - sJ i D) lclc - H Sin6 l“lc2c + H Cosfi l“lB3B 
(H Cos 5l - G cc(3 )^ 1 + + V 3 >*3 = N g G 3*3c 

- H Cos6 1 a) lclc - sJ 3 m lc2c - sJ 2 (u 1B3B 
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• • 

Assuming an input signal for <$^ c only, the transfer function from 6 

to is 

\ _ N g Gi( S J 33 + N g G 3 ) 


where 


A = I (sJ ;L1 + N g G 1 )(sJ 33 + N g G 3 ) + (HCos«S l - Gcc(l) (HCosSi - Gcc(3)] 
Optimal Steering Law 

The equations for the reaction moment on the vehicle with the 
gyros in the clamped mode of operation may be found from the equations 

derived previously. With the outer gimbals clamped, the outer gimbal 

• • » 

rates ^ 3 £L)> ^3(2)’ an< ^ ^3(3) are zero * The equations for the 
reaction moments, in matrix form, are: 


%xv 


%YV 

= 

m rzv 

The 


S<$i(i) 063(3) 
- S6 1(1) Sfi 3(1 ) 

C6 1(1) 


- Sfi. 


C6 1(2) 

S<S 1(2) C5 3(2) 


1(2) S6 3(2) 


S6 1(3) S<S 3(3) 
C6 1(3) 

S5 1(3) C<5 3(3) 


§ 1 ( 1 ) 

? 1 ( 2 ) 

6 1(3) 


The relationship between the commanded moment and the commanded 


gimbal rates is 


|l (1)C 

fl (2)C 

6 1 (3) Cl 


■IT S ] 


C XV 

;cyv 

czv 


Assuming that the actual gimbal rates are equal to the commanded gimbal 
rates , the relationship between the commanded moment and the reaction 


moment is : 
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%xy 

- IAJ 

[t s : 

M 

cxv 

m ryv 

M 

CYV 

MrZV 



l^czv 


where IAJ is the matrix relating the reaction moments on the vehicle 
to the CMG gimbal rates. In order to optimally control the CMG cluster, 
it is necessary that the reaction moment be equal to the commanded 
moment. In equation form, this condition may be stated as: 

[A] IT S ] =11] 

The steering law lT g J that satisfies this condition is given by: 

IT S J = IAJ -1 , 

where J denotes the inverse. Assuming [T J is of the form 

s 


ITJ = 


T 11 

T 21 

T 31 


12 

T 13 

■22 

^23 

32 

T 33 


the solution for the optimal steering law is: 


T 11 “ 


A * S6 1<2) C5 3(2) C6 3(3) SS 1 (3) + S(S 1(2) S6 3(2) C5 1(3)1 
A [ " C<S 1(2) C<5 3(3) S6 1(3) + S<S 1(2) S6 3(2) S5 3(3) S6 1(3) ] 
j [ c 6 1(2 ) C ^!(3) + S(S i(2) C<S 3(2) S - 6 3(3) S(S 1(3)] 

A ^ S5 3(l) S6 1(1) C6 3( 3) S6 1(3) + G6 1(1) C6 1(3)] 

| ICS 3(1) S<S 1(1) C6 3(3) s6 1(3) + C6 1(1) s6 3(3) S6 1(3) ] 
T 23 = J I-C6 3(l) S6 1(1) C6 1(3) + SS 1(3) S6 1(1) S6 3(3) S6 1(3) ] 


T 12 " 
T 13 = 
T 21 “ 


22 


T = 

31 

T = 

32 

T • = 

33 


A IS6 3(1) S6 1(1) S6 1(2) S6 3(2) " C6 1(1) S6 1(2) C< W 

A IC5 3(1) S6 1(1) S6 K2) S6 3(2) " C6 1(1) C<S 1(2) ] 

A IC6 3(1) S6 1(1) S6 1(2) C5 3(2) + S5 3(l) S6 1(1) CS 1(2) ] 



27 


'3(1) S5 1(1) S6 1(2) C6 3(2) C6 3(3) S6 1(3) ) 


where 

A =HI(C6. 

~ ( S6 3 (1) S<S 1(1) S<S 1(2) s<s 3(2) S5 3(3) s6 1(3)) 

+(C6 1(1) C<S 1(3) C6 1(2) )+ ( C<S 1(1) S6 1(2) C6 3(2) S6 3(3) S6 1(3) ) 
+ <SS 1(2) S5 3(2) CS 1(3) CS 3(1) S, 1(U> 

+(C5 3(3) S5 1(3) CS 1(2) S5 3(l) 


CMG Direct-Axis Bandwidth 

As shown previously, the direct-axis bandwidth of a CMG in normal 
operation is approximately 2.5 Hz. Figure 14 shows the amplitude vs. 
frequency characteristics of a CMG in normal operation and also for 
a CMG in the clamped mode of operation 13] . The data for both curves 
was taken with the inner gimbal at +45° and with the outer gimbal at 
0°. However, for the clamped mode of operation, the outer gimbal was 
clamped to the frame. As in the previous case, the input was a sinu- 
soidal signal to the inner gimbal rate loop, and the data represents 
the ratio of the peak output signal to the peak input signal. As can 
be seen in the Figure, the bandwidth of the CMG is significantly in- 
creased by clamping the outer gimbal to the frame. The bandwidth of 
the CMG in the clamped mode of operation is approximately 5.9 Hz. 


Cross-Axis Response 

As stated previously, an ideal steering law would determine the 
necessary requirements in order to compensate exactly for the distur- 
bance torques. The Optimal Steering Law closely approaches the 
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ideal situation as only small reaction moments are generated in other 
than the direct axis. Figures 15, 16, 17 and 18 show the reaction 
torques in the y and z axes and the x and z axes for a disturbance 
(initial condition in the x and y axes, respectively). 
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Figure 15. Reaction Moment, Y-Axis, Optimal Steering Law, 
Clamped Mode, X-Axis Initial Condition 
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Figure 16. Reaction Moment, Z-Axis, Optimal Steering Law, 
' Clamped Mode, X-Axis Initial Condition 
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Figure 18. Reaction Moment, Z-Axis, Optimal Steering Law, 
Clamped Mode, Y-Axis Initial Condition 



V. STUDY RESULTS 


Dynamic Response Characteristics 

Results obtained from simulation studies of the ATM system in 
order to determine the dynamic response characteristics of the various 
system configurations are presented in this section. 

Normal Mode, Cross-Product Steering Law 

There is one vehicle control loop for each of the three control 
axes. A single-axis block diagram for one of the vehicle control loops 
is shown in Figure 19. The vehicle control loop has a rate-plus- 
position control law. As illustrated in Figure 19, the vehicle control 
law output is processed and integrated in order to obtain the momentum 
command for the inner loop. This command signal is compared to the 
vehicle momentum and the error is used to generate the gimbal rates 
required to provide the proper reaction moment on the vehicle. 

Figures 20, 21, and 22 show the response of the x-axis of the 
system, the y-axis of the system, and the z-axis of the system due 
to an initial condition in the x-axis, the y-axis, and the z-axis, 
respectively . 

Clamped Mode, Cross-Product Steering Law 

This section presents the results obtained from simulation studies 
of the system with the CMG's in the clamped mode. For each of the 
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Figure 20. X-Axis Response, G£o3s -Product Steering Law, 
Normal Mode 
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Figure 22. Z-Axis Response, Cross-Product Steering Law, 
Normal Mode 



39 


control axes, there is one vehicle control loop. A single-axis block 
diagram for one of the vehicle control loops with the CMG's in the 
clamped mode and using the Cross-Product Steering Law is shown in 
figure 23. A rate-plus-position control law is used for each of the 
vehicle control loops. As in the previous case with the CMG's in the 
normal mode’ of operation, the vehicle control law output is processed 
and integrated to obtain the momentum command for the inner loop . This 
momentum command is compared to the actual vehicle momentum and the 
difference is used to provide the proper reaction moment on the vehicle. 

Jigures 24, 25, and 26 show the response of the x-axis, the y- 
axis, and the z-?axis of the system due to an initial condition in the- 
x-axis, the y-axis, and the z-axis, respectively. 

Clamped Mode, Optimal Steering Law 

Results are presented here which were obtained from simulation 
studies of the ATM system using the Optimal Steering Law with the 
CMG's in the clamped mode of operation. As in the previous system con- 
figurations , there is one vehicle control loop for each of the control 
axes. The cluster control law used for this system configuration is a 
Moment Control Law. A block diagram for one of the vehicle control 
loops with the CMG's in the clamped mode of operation and with the 
Optimal Steering Law is shown in Figure 27. A rate-plus-position 
control law is used for each of the vehicle control loops. For this 
system configuration, the vehicle control law output is processed in 
order to obtain the moment command for the inner loop. This moment 
command is compared to the actual moment and the error is used, 




Figure 23. Single-Axis Block Diagram, Cross-Product Steering 
Law , Clamp ed Mod e 
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Figure 2U. X-Axis Response, Cross-Product Steering Law, 
Clamped Mode 
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Figure 26. Z-Axis Response, Cross-Product Steering Law, 
Clamped Mode 





Figure 27. Single-Axis Block Diagram, Optimal Steering Law, 
Clamped Mode 
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together with the Optimal Steering Law, in order to provide the proper 
reaction moment on the vehicle. 

Figures 28, 29, and 30 show the response of the x-axis of the 
system, the y-axis of the system, and the z-axis of the system due to 
an initial condition in the x— axis , the y-axis, and the z-axis, re- 
spectively . 

System Comparison, Direct— Axis Response 

As can be seen from Figures 20, 24, and 28, the response of the 
system with the CMG's in the clamped mode is superior to that of the 
system with the CMG's in the normal, mode of operation. Also, the 
response of the system with the CMG's in the clamped mode using the 
Optimal Steering Law is better than the system response with the 
Cross-Product Steering Law. 

Table 1 lists the rise time (time for output to go from 0 to 90% 
of final value) , and the percent overshoot for each of the system 
configurations . 

System Comparison, Cross-Axis Response 

Figures 10 through 13 and 15 through 18 show that the design 
objective of minimizing the cross-axis response is virtually achieved 
using the Optimal Steering Law with the system configuration having the 
CMG's in the clamped mode of operation. 

System Stability 

This section presents the results of a study made in order to 
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Figure 29. Y-Axis Response, Optimal Steering Law, Clamped Mode 
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Figure 30. Z-Axis Response, Optimal Steering Law, Clamp 
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Optimal Steering Law- 
Clamped Mode 

Cross-Product Steering Law- 
Clamped Mode 

Cross-Product Steering Law- 
Normal Mode 

Rise Time 

U.2 Sec. 

Sec. 

£.6 Sec. 

% Overshoot 

17.# 

28 % 

32$ 


Table 1. Else Time and Percent Overshoot for Various System 
Configurations 


2., Hyv® %v = 0. 

6 1(1) = 6 1(2) = 6 1(3) - 0. deg. 

* “'•Q? deg., ^3(2) = de &*> ®3(3) * “®7.U deg. 

' H xv -0..V 2 *> *W * x - 

6 1(1) = 6 1(2) » ®1(3) * °* deg> 

6 3(1) = “ 8 7*W* dg g»> ®3(2) * ■ #o6 deg *> 5 3(3) “ 2 *^ 6 deg# 



Table 2. Two Outer Gimbal Location Criterion Solutions 
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determine tlie stability characteristics of the system with the CMG's 
in the clamped mode of operation. 

Normal Mode j Cross-Product Steering Law 

In order to h^ve a basis for comparison, a stability study was 
performed on the system configuration with the Cross-Product Steering 
Law with the CMG’s in the normal mode of operation. The region of 
stability for each axis was determined by finding the initial con- 
dition for which the system response became unstable. The value of 
initial condition for instability was found to be approximately .00275 
rad. in the y-axis, and approximately .00125 rad. in the z-axis. The 
system was stable for initial conditions up to .003 pad. in the x~axis. 
No iniital conditions larger than .003 rad. were investigated. 

Clamped l^odej Cross-Product Steering Law 

The stability regions for the system configuration haying the 
Cross-Product Steering Law with the CMG's in the clamped mode were 
determined from simulation studies. Results show that the system 
becomes unstable with an initial condition of approximately .00275 
rad. on the :x~axis, with an initial condition of approximately .00175 
rad. on the y-axis an4 with an initial condition of approximately 
.00125 rad, on the z— axis. - 

Clamped Mode^ Optimal Steering Law 

As for the previous system configurations, the stability regions 
for the system having the Optimal Steering Law with the CMG’s in the 
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clamped mode of operation were determined from simulation studies. 
Results show that the system was stable with initial conditions up to 
.003 rad. on each axis. As stated previously, no initial conditions 
larger than .003 rad. were investigated. 

System Comparison 

From the results of the previous section, it can he seen that 
stability is not compromised by using the CMG's in the clamped mode of 
operation. The region of stability for the system comfigurafion having 
the Cross-Product Steering Law with the CMG's in the normal mode is 
very similar to the region of stability for the system configuration 
having the Cross-Product Steering Law with the gyro's in the clamped 
mode. The region of stability for the system configuration having the 
Optimal Steering Law with the CMG's in the clamped mode is larger than 
for the tw.o other system configurations investigated. 

Location of the Outer Gimbals for Clamping 

In order to clamp the outer gimbals at locations which provide 
maximum utilization of the system's capabilities, it is necessary to 
develop a criterion for use in selection of- the locations at which 
the outer gimbal angles will be clamped. 

The criterion selected is one which provides the maximum dynamic 
range, with regard to gimbal angle travel, for the inner gimbals during 
the clamped portion of the flight. However, for this criterion, 
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there are possible momentum configurations for which this criterion 
cannot be satisfied. No work has been done in determining the pro- 
bability that the momentum configuration would be such that the cri- 
terion could not be satisfied. A computer program has been developed 
which determines from a properly specified momentum configuration the 
locations at which the outer gimbals should be clamped in order to 
provide maximum dynamic range for the inner gimbals during the clamped 
portion of the flight. Table 2 (page 49) gives the values for two 
possible momentum configurations and the associated inner and outer 
gimbal locations which, for the given momentum configurations, satisfy 
the previously discussed criterion. 

Saturation Characteristics Study 

This section of the report presents the results of a study made 
in order to determine some of the dynamic characteristics of the system 
with regard to saturation by applying a small biased torque. An 
example of such a torque would be a gravity gradient torque. The 
results give an indication of the time that the system with the CMG’s 
in the clamped mode would operate with a small disturbance torque 
before becoming saturated. Figures 31 and 32 show the plots of one of 
the gimbal angles versus time for a step disturbance torque on the x- 
axis. These plots are for the system configuration having the Cross- 
Product Steering Law with the CMG T s in the clamped mode and for the 
system configuration having the Optimal Steering Law with the CMG’s in 
the clamped mode, respectively. 



Legrees 



Figure 31. Girabal Angle vs. Time, Cross-Product Steering Law, 
Clamped Mode 








VI. CONCLUSIONS AND RECOMMENDATIONS 


The results show that the bandwidth of the system is signifi- 
cantly increased by clamping the outer gimbals to the frame. This is 
exemplified by the amplitude-frequency characteristics in the frequency 
domain and the response curves in the time domain. The cross-axis 
response is greatly reduced by using the Optimal Steering Law with 
the system configuration having the outer gimbals clamped to the 
frame. The results show, therefore, that clamping the outer gimbals 
to the frame does provide a feasible approach for improving signifi- 
cantly the system characteristics. The clamping of the outer gimbals 
to the frame is also shown not to have an adverse effect on the system 
stability. 

Additional studies should be made in order to provide a more 
complete investigation of the clamped mode of operation. Some of 
the areas which should be further investigated are (1) criterions 
for selection of the location of the outer gimbals during the clamped 
mode of operation, (2) the use of the H-vector control law for the 
inner CMG loop in conjunction with the Optimal Steering Law, and (3) 
the hardware requirements for implementation of the Optimal Steering 
Law. 
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APPENDIX A 


Improved Attitude Control System Study Simulation Program, Optimal 
Steering Law, Clamped Mode 
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Improved Attitude Control System Study Simulation Program, Cross-Product 
Steering Law, Clamped Mode 
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My rr>n , vr- y , mo v , Mr>7 , npT i i r , nnri r. , ,in t nr 

Tp"-o ri^TT Y = '»''|(. , ,nn T = * ^ , PP'?n.= , ^ * n! jrnc^ = 4 c 
ptmtci. nr, !?oz: a) rrLpn = ? s 

MC Timn Pl/cry 

CK-p 

CTnr 

FM o |p R 



APPENDIX C 


Improved Attitude Control System Study Simulation Program, Cross-Product 
Steering Law , 1 Normal -Mode 
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P4RAR INEP7X-8C 69CC • » INER7Y=5243CCC. , INER7Z=5C9C000 . 

INCCN FEIXIMC . ,PE I Y I N= .C C2 5 , PE I Z I N = . 0 
INCCN FXCTIK=C.,PYCTIN=C.,PZCTIN-G. 

EXCNNO = IN7GRL ( C • » 7XC ) 

EYCf'NC = IN7GRL(C.-»7YC) 

EZCYNC = IN7GRL (0'.',7ZC) 

EXC^CL = LINI7(-846G.>, 8460. ,HXCMND) 

HYCf'CL = LIMT ( -84 6C • » 8460 . »F YCMND ) 

EZC*TL = LIRI7(-846C..»8460. » h Z C N N C ) 

EXCYCE = HXCROL - HXV 
EYCRCE = EYCRDL - EY V 
EZCECE = HZCRDL - EZV 
EXCCEL = LIEIT{-140.»140.,EXCRCE) 

EYCCEL * LIPI7(-14C.tl40.,hYCMCE) 

EZCCEL = LIRIK-14C. ,140. ,EZCFCE) 

C CT1 1C= .00C58C8«( ( -CGS ( CEL31R ) *S IN ( DEL 17R) *HXCDEL ) + . . . 

( S I N ( CEL31R )*SIN(CEL11R )*EiYCDEL )+ (-COS (CEL11R ) * HZCCEL)) 
EC7]2C=.CCQ58C5*( {-CCS ( DEL 12R ) *HXCDEL) +! (-CCS ( DEL32R ) * . i . 

S IN(CEL12R)*EYCDEL)+(SIN(DEL32R)*SIN(DEL12R)*HZCDEL) ) 
CCT13C=.C005E08*( (SIMDEL33R)*SIN(DEL13R)* HXCDEL) +... 

C-C“S (CEL13R)*FYCCEL ) + { -COS { C E L33R ) * S I N (CEL13R) *HZGDEL) ) 

EDT31C=.CC05808*( {- S IN { DEL 3 1R ) *hXCDEL ). +1 (-COS ( CEL31R ) *HYCCEL ) ) 

CC732C- .C0C5808*( ( -S IN ( CEL32R ) *HYCDEL } -E (-COS { DEL32R ) *HZCDEL ) ) 

CCT23C=.CCO = eOe*( (-CCS(DEL3 3R)*H J XCDEL)-*;(-SIMCEL33R>*EZCDEL) ) 

CCT11R = CCT11C 

CCT12R = CDT12C 

CCT13R = CDT13C 

CCT31R = CDT31C 

CCT32R = CDT32C 

CCT73R * CDT33C 

C EL 1 1 R = I NTGRL (O.C;»DC711R), 

C EL 12R= INTGRL(C.C,CCT12R) 

C EL 1 3 R= INTGRL(G.C»CCT13R ) 

CEL31R = INTGRLf . 7 8 54 ,CDT3 1R ) 

CEL32R = INTGRL ( . 7854 , CDT32R) 

CEL33P = INTC-RL( . 7 8 54 , C GT 3 3 R ) 

E XV= 262C.* ( COS ( CEL 3 1R ) *C0 S ( CEL 11R ) -S IN (CEL12R 
S IN ( C EL 33R ) * CCS ( CEL13R ) ) 

E YV = 282C.*(-S!N(CEL31R).*CCS(0EL11R)+CGS(0EL32R ) *CCS ( CEL 12R ) - . . . 
S IMCEL13R) ) 

EZV- 262C.*(-SIN(CEL11R)-SIN(CEL32R)*CCS(DEL12R) + .'. . 
CCS(CEL33R)*COS(CEL12R ) Y 

NRX = (CCSICEL31R ) *S IN'( DEL11R >*CD711R + CCS(DEL12R)*CCT12R -... 

S IN (CEL33R) * S I N ( CE L 13R ) *C D7 13R )*2820. 

FRY = (-SIN(CEL31R)*SIN(CEL11R)*0D711R i CDS ( DEL32R 5 * . . . 
SIN(CEL12R)*CD712R i CC S ( DELI 3R ) *C0713R ) *2820 . 

RRZ = { CCS ( CEL11R )*CCT11R - S IM DEL32R > * S I N ( DEL12R ) *CDT12R+ . . . 
CCS(CEL33R)*SIN(CEL13R)*CD713R)*2820. 

C EL 1 1- CEL11R*57. 29578 
C 6L12= CEL12R*57. 29578 
C EL 1 3 - CEL13R*57. 29578 
CLCT11=CCT11R*57. 29578 
CLCT12=GCT12R*57.Z9578 
CLC713=CDT13R *57. 29578 
CEL31=C£L31R*57. 29578 
C EL 32 = CEL32R*57. 29578 
C EL 33=CEL33R*57. 29578 
EYE = -EYV 
EZE = -EZV 
7RXV=-NRX / INER7X 



65 


1 PYV = -P R Y / INERTY 
TRZV=-NRZ /INERTZ 
FFIXCT = IMGRL{PXC-TIN»TRXV.) 

FFIX - IMGRL(PhlXINfPl-IXDT) 

FhIYC-T=IMGRL(PYCTIN,TRYV) 

FF'IY * IMGRLi PF IYIMPhl YD7 ) 

FhI7CT=IMGRL(PZDTIN,TRZV) 

F H I 7 '= IMGRI(PFIZIN,PFIZDU 
TXC = - ( 20CCC0 . *PF IX +, 4CC0CG.*PHIXDT) 

TYC = - { ^iCGCGO * *PI- I Y + 2CCCOCO . *PH I YDT ) 

TZC = -( 1CGC00G.*PFIZ * 2 3 3C CCO .* PH I ZDT) 

PRIM TXT, hXCNDL,FXV,FYEiFZE*DELll>DELl2,DEL13,DEL3L , DEL32 ,.DEL33 , . . . 

EXCDEL»RRX»NRY»MRZtPHIX».PHlY»PhIZfDDTllC»CCT12C»DDT13C 
FRTPLT TXC»hXCRDLfEXVtEYE»EZE»DELll»CEL12»DEL13t.CEL31»DEL32rDEL33fHXCCEL 
PRTPLT RRX ,’^RY »MRZ»PF-IX »PHIY-jPhIZ 
TIRER FINTir=eC. .CELT-.5-, PRDEL = .5.,GUTOEL=.5 
FINISH CEL11R=2.,CEL12R=2.,DEL13R*2. 

PETFCC RKSFX 
ENC 
STEP 


ENEJCE 



APPENDIX D 


Outer Gimbal Angle Criterion Solution Program 
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r A blank CA^n T C Tn FNn TWt: DATA 

1 PFAPf^,?) My v ,'-J VV , H7V 

IF ( MX V, F n » 0. , amp, |JVV tt fo. 0 • * AND# E7V.EO.O. ) Pfl TO 100- 

B = .nnoi 
WPT T F (6,11) 

WP IT* - (ft ,0 ) 

WPTTF (0, 4) HY\/,HV\/,H7V,B 

HFl^lW = . 7 P64 
n F L B ^ K - = „7PBA 
n p !_ T bi.j = ,? PS A 
r = i 

B ° FL B 1 =n<- 1 - 2 1 w 
r>F[ ^=n;|_ B 7W 
nELB" 1 = n c* bbw 

HMH’I | = f r "S{ PFt •’PW )-WVV) /{ J-XV + MN(nEL33W1) 
n F ! ■> l W = A T A f.' ( M VO B ■> ) 

m N n ? 2 = ( r ^ S ( n p i 3 ? W ) - M 7 '/ ) / ( HY V + 5TN(nF.LBlW>) 
n FL ^ 2. W=AT A N f HMn b ■? ) 

HKriBB -((- np( nc| b 1 i,j ) -HXV) / ( W7V + SIN(0EL3?W)) 

NFL" 1 3 U; = A T AM ( HMn? b ) 

H X vr = r n s ( nc 1 ■» 1 VM - s T Kl ( HF L-3 ?W ) 

Hvv/r = msf’Ei i?yi - siN( n=l.3iwi 
H7VC = rns(PFL^3w) - SiM( CEI.3PW) 

TFBTI =-ABS{uy\/ _ HXVC) 

THPTB - MK(HVV - MVVC) 

T F s T b - a b <; ( m 7 v - m 7 \/fj 

I F( TBCT] ,L r . B 3 AMP, TF^T?. LF*B. ANn.TFSTB 0 LE.B) -r,n TO 10 
TFU.pn. 1000) BP to 0 0 ' - 

1 = 1 * 1 . 

0 OO TH B 

00 W P, I T r ( 6 , 7 A ) 

WP JTi- f 0 ,2 C ) 

WPJTP(A,?f ) 

10 CONTINUE 

o F 1 B [-C7, 2Q C 7R7PFL 3 1 w 

PFl' 2 7=F7 0 7Oc;-fB*pF|B7W 

nFL^^= C7 »°° c; Y^* r 'FL' , BV>' 

W P T T r 

MPTT r (6,)S) OFL 31 ,DFI B2,OFI BB 

hxvo= r'BF(nri bi u) _ sin(ofibbw) 

Hvvr= { opt 37 >- ) - bin( r>EL ?3 W) 

M7vr = ros ( rc| b bli ) _ STN(P p L3?w) 

W P I t r. ( o , b 0 ) 

V-IP TT (ft , B 1 ) MXVr ,HYV0 ,M7 VC 

r-G m i . 

7 C n P M A T 1 <1 F 1 0 a /* ) 

A rn i? >i* T ( / / , '>(iv ) HTHF TMITJAL vpmFMTHm VALUFSARF) 

1 F0 p *'A T ( / / , i , 7 m UXVT= , HO. 4 ,10X,7H MYVT= , F 1 0. A , 1 OX , 7H H7VI = 
10.4, r >x, 1 *>MArr||i> ATY SPEC. = , FB.O) 

1 1 popmat | i HI 1 

1 b FOR *'’ A T( / / , 1 FX ,7Hnn H = ,FF,4,BH n EGRF E <= , 1 OX , 7H0E L3 2 - ,F8.4,8m 0 

J FFS 1 Oy,’ 7 M<'>f| [ BB = O^ORFFSI 

BO FPCf'ATf / /,20 v ,A7MTHF?F ANF1 fs «~.TVF THE FOLLOWING MOMENTUM VALUE 
?] FOPMAT( lsy.OM FXV= ,F 10.4,1 OV ,6W HYV= , F 1 0. 4 , 1 OX , AH H7V= ,F10.4 
?b rnRMA t{ //, |ky ,7C|itmf f Al o IJL AT FO A MOLE R ARE) 

F OP*' A T( / / f opx ,4 01-1 FA 1 1 EH TP CONVFRQF AFTF d 1000 I TFR AT ION'S ) 
pnst'f, t( / / t ftpy , l o'- 1 y'*4f**A*« t-k ycfe##* # yr#*#^***** j^#*#** i 

100 R Too 



